Anaerobic digestion is the only energy-positive technology widely used in wastewater treatment.
INTRODUCTION
Advanced biological methods commonly applied in municipal wastewater treatment plants (WWTP) convert a substantial part (about 50%) of the wastewater pollution into sludge. The sludge is widely considered an unfavourable byproduct of wastewater treatment but it can be used as a raw material for energy production. Recent experiences show that biogas produced from sludge can cover a very substantial portion of the energy consumption of a WWTP.
Industrial WWTP or WWTP where sludge is co-digested with other organic wastes have proven the feasibility of energy self-sufficiency. The self-sufficiency still remains a big challenge in municipal WWTP, where only primary and waste activated sludge are digested. The present paper evaluates the energetic potential of sewage sludge and the operational limits of biogas production in municipal WWTP.
Specific production of sludge depends on wastewater composition and treatment technology used. Generally the specific daily sludge production per person is 80 g TS (total solids), i.e. 56 g VS (volatile solids), considering the typical pollution of sewage (Imhoff & Imhoff ) , the use of common secondary treatment and the average VS/ TS ratio of 70%. This is equivalent to a yearly organic matter production of 20.4 kg VS/person. Different sludge quality and different technology of sludge pretreatment and anaerobic digestion cause very wide intervals of specific biogas production. In the literature can be found recent data from less than 300 until 700 L biogas per kg treated VS for a mixture of primary and waste activated sludge (Bouallagui et al. ; Mizuta & Shimada ) . On the other hand, Bolzonella et al. () have tested waste activated sludge as single substrate for mesophilic anaerobic digestion and the specific biogas production found was as low as 70-180 L biogas per kg treated VS.
Using theoretical data we can express biogas production per person and year as shown in Table 1 . Potential annual electricity production is calculated considering the following conditions: average methane content 65% and electricity production in co-generation unit CHP (combined heat and power production) with efficiency of 40%.
To evaluate the potential of WWTP energy selfsufficiency, it is necessary to compare the present data with the specific energy consumption of a common municipal WWTP. For example, Balmer () reported yearly energy consumption in the range 31-47 kWh per population equivalent (PE) for large WWTPs in the Nordic countries which had been adapted for enhanced nutrient removal using energy-intensive technologies. Mizuta & Shimada () have shown that the difference in specific power consumption can be attributed to the difference in the scale of plants rather than to differences in the wastewater treatment process. They found power consumption in the range 0. Nowak et al. () . The minimized power consumption has enabled the self-sufficiency even at specific electricity production of 20.6 and 21.4 kWh per PE and year.
Thus, by optimization of energy consumption and maximization of biogas production, energy self-sufficient WWPT can become a realistic goal. Next to the power consumption cuts, we need to increase the specific biogas production to the level of 500-700 L/kg VS (supplied VS of sludge). This is an ambitious aim that is not attainable with each type of sludge.
The following technological improvements can increase biogas production at a common municipal WWTP:
• More organic matter treated by anaerobic digestionincrease of primary sludge separation efficiency.
• Pretreatment of the input material to enhance anaerobic biodegradability -thermal and mechanical pretreatment shows best results comparing costs and performance (Boehler & Siegrist ; Bolzonella et al. ).
• Optimization of technological conditions of the anaerobic degradation process; temperature increase and phasing for example (Zabranska et al. ; Ge et al. a) .
In the present paper, the operational results and experience gained in cooperation with the Central Wastewater Treatment Plant (CWWTP) of Prague are presented focusing on the introduction of technological procedures ensuring improvement of the specific biogas production.
MATERIAL AND METHODS

Description of the Central Wastewater Treatment Plant of Prague
Many methods of sludge treatment intensification have been gradually applied to the technology in the CWWTP in Prague to increase the quantity of self-produced energy. CWWTP in Prague is a large plant (1,500,000 PE) treating the main part of the city wastewaters. CWWTP has been in operation since 1967 and the plant has been reconstructed several times based on essential technology changes and the economic situation. The last reconstruction was accomplished in 1997 with an increased wastewater treatment capacity and a change of the activated sludge process technology to a nutrient removal system. These measures also logically influenced the sludge amount and composition, and thus a need for sludge treatment intensification arose.
The sludge treatment facilities of the plant consist of 12 digesters, each with an operational volume of 4,800 m 3 . The digesters are configured in series as the first and second stages and operated in a semi-continuous mode with about 24 feedings daily. The first-stage digesters are mixed and heated, and second-stage digesters (of the same volume and provided with a gasholder) are mixed but not heated. Waste activated sludge is pre-thickened in a gravity thickener and thickened and disintegrated in lysate-thickening centrifuges. This sludge is mixed with primary sludge in the mix tank and the mixture is fed into the first-stage digesters. The digested sludge is dewatered by dewatering centrifuges and after composting is applied to land.
Methods used for monitoring of digesters' operation
For an objective evaluation of the economic and energetic balance of the CWWTP, the following data were available: volumes and concentration of TS and VS in primary sludge, excess activated sludge and thickened excess activated sludge; volume and temperature of produced biogas, which need to be re-calculated for normal conditions (Nm 3 ) and as a dry gas without the water vapor; volumes and concentration of TS and VS in digested sludge; the electrical efficiency of the co-generation units; the utilization of produced heat energy; the extent of biogas utilization in the cogeneration units. The determinations of TS and VS were carried out as proposed by the APHA/AWWA/WEF (). The biogas composition and volatile fatty acids were determined by gas chromatograph GC 8000 Top equipped with a heat conductivity detector HWD 800 (Dohanyos et al. ). The sludge and biogas sampling frequency was once a day. These methods were used during a long-term monitoring of the operation of full-scale digesters in the co-operative project of the Institute of Chemical Technology and the CWWTP.
Intensification steps in CWWTP
Intensification steps and innovations of technical equipment have been applied gradually, starting with the installation of five thickening centrifuges for the thickening of excess activated sludge and four dewatering centrifuges instead of belt presses. The disintegrating device was experimentally installed to one thickening centrifuge and after successful proof of efficiency all other centrifuges were equipped with a disintegration device. The reconstruction of the biogas utilization system changed old gas turbines to three motor generators of 1 MWel (electric power only) each and improved the heating system of digesters. Later, new two motor generators with the power capacity of 1.2 MWel were installed, a system for automated control of the sludge treatment process has been completed and the mixing system of digesters has been upgraded.
The digestion process was intensified by increasing the operational temperature from mesophilic to thermophilic range and biogas production was increased through an enhancement of the concentration of organic matter in primary sludge by dosing of coagulants to wastewater prior primary settlers.
RESULTS AND DISSCUSION
During the observation period in CWWTP, some exceptional situations and conditions occurred, e.g. digester foaming, failure of the dewatering centrifuge, failure of the recycle of the digested sludge into wastewater inflow, interruption of the operation of one digester that increased the volumetric loading rate in the remaining digesters, failure of gas measurement etc.
Another problem for evaluation of operational data is the low reliability of the data for sludge concentration as they strongly depend on the point, method, time and frequency of sampling, methods and technique of analyses, time and conditions of storing etc. These variables were not fully under our control. Differences from the real values combined with not recorded short-term technology changes contribute to unavoidable data fluctuation. Therefore, the evaluation has to be based on statistics.
Disintegration of waste activated sludge
The first experimental full-scale thickening centrifuge with input sludge flow 100-110 m 3 /h was installed in 1995. Finally, the daily excess activated sludge input was reduced due to gravity pre-thickening and advanced thickening by lysate centrifuge increasing the TS concentration of excess activated sludge from 7 g/l (before pre-thickening) to 70 g/l (after lysate centrifuge).
From 1997, lysate thickening centrifuge was put into operation and all waste activated sludge was disintegrated. The average specific biogas production increased from 480 to 590 L/kg in the period 1997-1999. This is a substantial increase of 23%.
The improvement of methane yield and biodegradability was influenced not by prolonged retention time of the sludge in the digesters (longer retention thanks to sludge thickening time was already achieved before) but mainly by the quality change of the input raw sludge thanks to mechanical disintegration of sludge in the lysate thickening centrifuge and by increased ratio of primary:waste activated sludge.
Thermophilic digestion in CWWTP
Since 1999, the full-scale experiment of thermophilic digestion of sewage sludge has been carried out in two digesters operated in series. One first-stage digester was heated to 55 W C and the second-stage, due to a good insulation, maintained the temperature almost at the same level (only one or two degrees less). This experimental set of digesters was successfully operated for four years with high operational stability and enabled comparison of mesophilic and thermophilic digesters' biogas productions. A remarkable increment of biogas production (about 20%) was achieved in the thermophilic digester. During the experiment, the input raw sludge, the output sludge from each stage and biogas were measured and analyzed and foaming tests and microbiological analyses were made. The experiment gave the unique opportunity to monitor and study both mesophilic and thermophilic systems in a full-scale parallel under the same composition of the input sludge and technical equipment of the digesters.
The resistance of the thermophilic digesters against foaming was verified: all mesophilic digesters were frequently foaming at the volumetric loading rate of 4. Based on the excellent experience with the experimental thermophilic process, the operator of CWWTP decided to transfer all remaining digesters to thermophilic conditions. By upgrading the existing mesophilic digesters to the thermophilic temperature range, the digesting capacity of the whole anaerobic sludge treatment facility at CWWTP doubled and considerable increments of biogas production and energy balance were obtained.
Evaluation of the combined effect of the intensification steps
Many technological changes have been realized step by step and some of them simultaneously. Therefore, the exact evaluation of the influence of different measures is extremely complex. Additionally, some non-standard situations and unexpected events, such as the reconstruction of activated sludge tanks and settlers or the catastrophic flood in 2002 make the evaluation of the stable operational data difficult. Figure 1 clearly illustrates that until year 2000 the increase of biogas production was strongly connected to the increase of the amount of treated sludge. Afterwards, the sludge quantity was rather stable and the biogas production increase was caused by improved digestion efficiency only. This statement is confirmed by Figure 2 , which presents the development of the specific biogas production in the same period. The value of specific biogas production at present reaches more than 700 L/kg VS added.
All technological improvements increased the specific biogas production by as much as 50% (Table 2) . A similar improvement was reported by several authors for a combination of thermal pretreatment of sludge and thermophilic anaerobic digestion (Bolzonella et al. ; Ferrer et al. ; Ge et al. b) .
These results of the intensified anaerobic digestion process brought CWWTP close to energy self-sufficiency which now reaches 70-80% (Figure 3 ). In addition, the full energetic potential of the biogas produced is in fact not utilized yet, because the capacity of the existing five combined heat and power generators is insufficient and the installation of the sixth engine is planned. 
